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Mitochondria are derived from free-living α-proteobacteria that were engulfed by eukaryotic host cells through the process of endosymbiosis,
and therefore have their own DNAwhich is organized using basic proteins to form organelle nuclei (nucleoids). Mitochondria divide and are split
amongst the daughter cells during cell proliferation. Their division can be separated into two main events: division of the mitochondrial nuclei and
division of the matrix (the so-called mitochondrial division, or mitochondriokinesis). In this review, we first focus on the cytogenetical
relationships between mitochondrial nuclear division and mitochondriokinesis. Mitochondriokinesis occurs after mitochondrial nuclear division,
similar to bacterial cytokinesis. We then describe the fine structure and dynamics of the mitochondrial division ring (MD ring) as a basic
morphological background for mitochondriokinesis. Electron microscopy studies first identified a small electron-dense MD ring in the cytoplasm
at the constriction sites of dividing mitochondria in the slime mold Physarum polycephalum, and then two large MD rings (with outer cytoplasmic
and inner matrix sides) in the red alga Cyanidioschyzon merolae. Now MD rings have been found in all eukaryotes. In the third section, we
describe the relationships between the MD ring and the FtsZ ring descended from ancestral bacteria. Other than the GTPase, FtsZ, mitochondria
have lost most of the proteins required for bacterial cytokinesis as a consequence of endosymbiosis. The FtsZ protein forms an electron transparent
ring (FtsZ or Z ring) in the matrix inside the inner MD ring. For the fourth section, we describe the dynamic association between the outer MD ring
with a ring composed of the eukaryote-specific GTPase dynamin. Recent studies have revealed that eukaryote-specific GTPase dynamins form an
electron transparent ring between the outer membrane and the MD ring. Thus, mitochondriokinesis is thought to be controlled by a mitochondrial
division (MD) apparatus including a dynamic trio, namely the FtsZ, MD and dynamin rings, which consist of a chimera of rings from bacteria and
eukaryotes in primitive organisms. Since the genes for the MD ring and dynamin rings are not found in the prokaryotic genome, the host genomes
may make these rings to actively control mitochondrial division. In the fifth part, we focus on the dynamic changes in the formation and
disassembly of the FtsZ, MD and dynamin rings. FtsZ rings are digested during a later period of mitochondrial division and then finally the MD
and dynamin ring apparatuses pinched off the daughter mitochondria, supporting the idea that the host genomes are responsible for the ultimate
control of mitochondrial division. We discuss the evolution, from the original vesicle division (VD) apparatuses to VD apparatuses including
classical dynamin rings and MD apparatuses. It is likely that the MD apparatuses involving the dynamic trio evolved into the plastid division (PD)
apparatus in Bikonta, while in Opisthokonta, the MD apparatus was simplified during evolution and may have branched into the mitochondrial
fusion apparatus. Finally, we describe the possibility of intact isolation of large MD/PD apparatuses, the identification of all their proteins and their
related genes using C. merolae genome information and TOF-MS analyses. These results will assist in elucidating the universal mechanism and
evolution of MD, PD and VD apparatuses.
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HU [1] and many DNA-binding proteins that allow the
formation of packed nuclei. They divide by binary fission
following bacterial nuclear division and evolved into diverse
species of Eubacteria and Archaea.
Fig. 1. Photographs obtained from a microscopy video showing moving and
dividing mitochondria during different phases of division, specifically
mitochondrial G1 (A) and M (B), in the same living plasmodium of P.
polycephalum after double-staining with ethidium bromide (red) and DASPMI.
Reproduced with permission from Ref. [5], ©1982, Academic Press. Electron
micrograph showing a dividing mitochondrion from P. polycephalum composed
of mitochondrial nuclear division (mn) and mitochondriokinesis (C). Repro-
duced with permission from Ref. [5], ©1982, Academic Press. Intracellular
immunolocalization of Glom. Immuno-fluorescence micrographs showing the
localization of Glom to the mitochondrial nuclei (mn in panel D). The amoeba
cell was stained with DAPI (D) as well as an anti-Glom antibody and a
fluorescein isothiocyanate-conjugated secondary antibody (E). Immunoelectron
micrographs showing the localization of Glom to the mitochondrial nuclei. A
section of the plasmodium cell from P. polycephalum was stained with an anti-
Glom antibody and a gold-conjugated secondary antibody. Gold particles are
distributed throughout the electron-dense mitochondrial nucleus in the
mitochondrion (mn in panel F). Reproduced with permission from Ref. [7],
©2003, American Society for Cell Biology. Scale bars: 1 μm (A–E), 0.5 μm (F).
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membrane as soon as the bacterial nucleus has been replicated.
Filamentous temperature-sensitive (fts) genes for bacterial
cytokinesis were originally identified in Escherichia coli
mutants collected in the late 1960s [2]. fts mutants have defects
in cytokinesis and, as a result, elongate to form filaments [3].
Several proteins involved in bacterial protein recruitment to the
division site in an FtsZ-dependent manner have been identified,
including FtsA, ZipA, FtsK, FtsQ, FtsL, FtsI, FtsN and FtsW
[4]. The FtsZ ring works with these proteins to cause
contraction at division sites. The division system has also
been well studied in Bacillus [4], which shows several
differences from E. coli. FtsA, FtsK, FtsW, FtsI and FtsZ still
function as bacterial cytokinesis proteins. FtsZ, which is
conserved in most bacteria, is a GTPase that is structurally
similar to tubulin. Visualization under a fluorescence micro-
scope shows that FtsZ forms a FtsZ ring at the division site
[3,4]. However, although FtsZ proteins can be seen by electron
microscopy to self-assemble into linear microfilaments or rings
in vitro [5], FtsZ rings have never been observed directly as an
electron-dense ring or structure on electron microscopic
sections in vivo [3]. The evaluation of data from in vitro
experiments is an important point throughout this review.
According to the endosymbiotic theory, mitochondria were
derived from free-living α-proteobacteria that were engulfed by
eukaryotic host cells. Mitochondria proliferate on their own
during the cell cycle, in a manner similar to bacterial division.
Therefore, determination of the number of mitochondria per cell
and identification of mitochondrial nuclei and mitochondrial
division sites are essential for studies on mitochondrial division
[6]. However, mitochondria and plastids have persisted within
eukaryotic cells for a long period – approximately 1 to 2 billion
years – and have lost or passed most of their genes on to the
nucleus [7]. Since the organelle genome sizes, even in lower
eukaryotes, are less than 10% the size of the genomes found in
free-living bacteria [8,9], it is thought that following endosym-
biosis, initially about 90% of the endosymbiotic bacterial genes
were transferred to the host cell nuclear genome or lost entirely
and that with the subsequent evolution of eukaryotes, a further
60 genes were transferred to the cell nuclei. As a consequence,
mitochondria retain their own small number of genes (4–65)
and contain their copies in electron-transparent mitochondrial
nuclei in the matrix. Therefore, the mitochondrial nuclei in most
eukaryotes including humans are not observed easily by
electron microscopy but must be viewed by high resolution
fluorescent microscopy [6,10].
In addition, primitive eukaryotic cells contain only one
globular or disc-shaped mitochondrion and their division
pattern is very simple (Cyanidium caldarium and Cyanidioschy-
zon merolae in Rhodophyta) [11,12]. On the other hand, many
eukaryotic cells contain diverse shaped mitochondria that vary
in shape and number, such as a network-like mitochondrion
(Galdieria sulphuraria of Rhodophyta, Euglenophyceae, Kine-
toplastida, green plants, Fungi and Metazoa), an irregular-
shaped mitochondrion (type one of the life cycle of green plants,
Fungi and Metazoa) and a large number of small peanut-shaped
mitochondria per cell (Amoebozoa, Ciliophora, green plants,Fungi and Metazoa) [6]. Mitochondria of various shapes and
number exist even in primitive eukaryotes, suggesting that the
diversity in the shape and number of mitochondria arose during
the early phase of eukaryotic evolution. As mitochondrial
512 T. Kuroiwa et al. / Biochimica et Biophysica Acta 1763 (2006) 510–521division patterns become complicated, it is difficult to examine
changes in the number and shape of mitochondria and to
identify the division sites in many eukaryotic cells correctly. In
addition, mitochondria can undergo repeated fusion and
division during the life cycle (Fungi and Metazoa) [6,13].
It is well known that the mitochondrion in Kinetoplastida
contains an electron-dense disc-shaped mitochondrial nucleus
(kineto-nucleus). However, as the mitochondrion has a
complicated network-like shape, its division site is not obvious
[6]. So, we examined two unique organisms. One was the slime
mold Physarum polycephalum from Amoebozoa. Its spherical
mitochondria contain electron-dense rod-shaped mitochondrial
nuclei and divide using a small electron-dense MD apparatus
just after mitochondrial nuclear division [14,15]. We have
subdivided the MD apparatus into the ‘small MD apparatus’ and
‘large MD apparatus’. The small MD apparatus is typified by
the MD apparatus which appears only during the later period of
mitochondrial division, it is small and covers a much wider
range of mitochondrial divisions including P. polycephlum. TheFig. 2. Electron micrographs showing dividing mitochondria just before separation of
is observed at the bridge between the daughter mitochondria (arrows in panel A, B).
electron micrographs of the sequence of mitochondrial division in an internodal cell o
narrow dividing bridge between the two daughter mitochondria appears to be a sm
Reproduced with permission from Ref. [5], ©1982, Academic Press. Mitochondrion-d
C. merolae (arrows in panel G, H) and alga Nannochloropsis oculata (Eustigmatophy
series was stained with DiO6 (yellow-green in panel G). Reproduced with perm
autofluorescence. Electron-dense clear MD rings are observed at the equator of the d
Reproduced with permission from Ref. [18], ©2004, Mendel Society of Japan.large MD apparatus is typified by the MD apparatus which is
observed throughout all stages of organelle division and is about
10 times larger in circumference that those of small D apparatus
as described later. These distinctions between the MD
apparatuses can also be used to distinguish between the kinds
of PD and VD apparatuses. The large MD apparatus as well as
the large PD apparatus can be seen in the primitive unicellular
red alga C. merolae from Rhodophyta [11,12]. The cells contain
a minimum set of simple organelles, divisions of which can be
highly synchronized by light/dark cycles [11].
1. Mitochondrial nuclear division and mitochondriokinesis
(mitochondrial division)
In P. polycephalum, the spherical mitochondria have a large
electron-dense rod-shaped nucleus containing 34 circular DNA
copies (mitochondrial chromosomes) (64 kb) organized with
basic proteins including “Glom” [16,17]. Mitochondrial nuclear
division and mitochondriokinesis can be observed in a livingthe daughter mitochondria in P. polycephalum (A, B). A small ring-like structure
Reproduced with permission from Ref. [5], ©1982, Academic Press. Scanning
f a charophyte alga Nitella flexilis (C–E). Just before mitochondrial division, the
ooth structure showing the generation of a motive force (arrow in panel E).
ividing rings in the cells of the higher plant P. zonale (arrow in panel F), red alga
ceae, Heterokonta) (arrows in panel I). In C. merolae, the mitochondrial division
ission from Ref. [24], ©1999, Springer-Verlag. The chloroplasts emit red
ividing mitochondria in C. merolae and N. oculata. Scale bars: 1 μm (A, C, G).
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advantages for observing mitochondrial nuclear division and
mitochondriokinesis [6,15,16] (Fig. 1). Furthermore, the
mitochondrial nucleus divides by binary fission. The mito-
chondrial chromosomes in the mitochondrial nucleus have an
A–T-rich mitochondrial kinetochore region which contains
specific sequences such as topoisomerase coding sites, tandem
repeats and inverted repeats. A bridge of specific proteins may
exist between the kinetochore DNA and the membrane systems.
Mitochondrial chromosomes can divide according to the growth
of the membrane system between the kinetochores. For
information regarding the detailed mechanism for mitochon-
drial division, please see Ref. [6,15,17].
In simple mitochondria such as those in P. polycephalum and
C. merolae, mitochondriokinesis obviously takes place at the
equator just before the end of mitochondrial nuclear division, asFig. 3. Thin-section electron micrographs seen from two angles during the late stage
immunoelectron micrographs showing the dynamics of dynamin during mitochondri
axis, an electron-dense MD ring is observed at the bridge between the V-shaped daug
long axis, the MD ring is observed at the end of the spherical mitochondrion (arrow
fluorescein isothiocyanate-conjugated secondary antibody. The immunoelectron micr
between the daughter mitochondria (red). The other immunoelectron micrographs sho
panel E is an enlarged micrograph of panel D. Gold particles indicating the dynami
between the daughter mitochondria (F). Reproduced with permission from Ref. [7],found for bacterial division. When a large part of the symbiotic
bacterial genome was transferred to the host nuclear genome,
most of the proteins required for bacterial cytokinesis other than
FtsZ were also lost, suggesting that the host nuclear genome
probably scrambled the autonomy of the symbiont and provided
new regulators, including FtsZ, to control the mitochondrial
division.
2. The mitochondrial division ring (MD ring) as a basic
morphological background
In P. polycephalum, the small MD ring is formed at the
bridge between the daughter mitochondria only at the end of
mitochondrial division (Fig. 2). Mitochondriokinesis was
blocked by the addition of cytochalasin B, an inhibitor of
actin filaments [18], and the ring disappeared. Since the MDs of mitochondrial division in C. merolae, as well as immuno-fluorescence and
al division. When the mitochondrion was cut perpendicular to the dividing long
hter mitochondria (A). When the mitochondrion was cut parallel to the dividing
in panel B). C. merolae cells were stained with an anti-dynamin antibody and a
ographs show the transfer of dynamin (yellow) to the bridge (arrows in panel C)
w the MD ring bridging the daughter mitochondria during the late stages (D, E).
n signals appear at the pinching off region at the center of the MD ring bridge
©2003, American Society for Cell Biology. Scale bar: 0.5 μm.
Fig. 4. Various organelle dividing rings and classical dynamin and dynamin-like
proteins positioned on Nozaki's phylogenetic trees. The points at which the MD,
MDFtsZ, MDdynamin, PD, PDFtsZ, and PDdynamin rings arose are shown on
the phylogenetic tree [29] (A). Most of the bacteria in Bacteria and Archaea
divide using FtsZ rings. Mitochondria are derived by endosymbiosis of α-
proteobacteria (1), and then plastids were derived from cyanobacteria that were
engulfed by mitochondrion-containing eukaryotic cells (2). Plastids in
Euglenozoa were derived from green alga which were engulfed by eukaryotic
cells by secondary endosymbiosis (3) while plastids in Apicomplexa and
Heterokontophyta were derived from red alga by secondary endosymbiosis.
Organelle division apparatuses (FtsZ, MD and dynamin rings) consist of a
514 T. Kuroiwa et al. / Biochimica et Biophysica Acta 1763 (2006) 510–521ring did not react with an anti-actin antibody [19], it is not
composed of actin, but rather actin-like proteins, and pinches off
the bridge of the daughter mitochondria. The small MD ring
was also observed as a specific smooth structure at the bridge
between the daughter mitochondria in Nitella flexilis of
Charophyceae by scanning electron microscopy (Fig. 2) [6].
The small MD ring is observed during the late phase of
mitochondrial division in the higher plant Pelargonium zonale
(Fig. 2). However, no researchers have identified a large MD
ring which is seen throughout mitochondrial division. In 1986,
the discovery of the large PD ring in the primitive red alga C.
caldarium [20] focused attention on the search for the large MD
ring that is involved in mitochondrial division. In the 1990s, we
found that the primitive red alga C. merolae was a useful model
organism for elucidating organelle division [11,12]. This alga
has the smallest genome (16.5 Mbp) of all photosynthetic
eukaryotes, and contains a minimal set of membrane-bound
compartments. For example, it contains a nucleus, a mitochon-
drion, a plastid, a microbody and a Golgi apparatus, divisions of
which can be highly synchronized [21,22]. The mitochondrial
division process is very simple, in that the disk-shaped
mitochondria become dumbbell-shaped and the dumbbell-
shaped mitochondria then divide into two spherical daughter
mitochondria (Fig. 2). In 1993, the large and clear electron-dense outer MD ring and thin inner MD ring were identified in
the cytoplasm (Figs. 2 and 3) and matrix, respectively, at the
mitochondrial division site in C. merolae [23,24]. The outer
large MD ring is composed of a bundle of fine filaments of 5–
7 nm in diameter and observed throughout mitochondrial
division [11,24,25]. When mitochondrial division starts, the
outer MD ring of about 50 nm in width appears on the
cytoplasmic face of the outer envelope of the mitochondrion
and gradually increases in thickness with contraction of the
mitochondrion, while the inner MD ring remains thin and
disappears during the final stage. The outer MD ring increases
to more than 80 nm in width just before pinching off the
daughter mitochondria, and then remains in the cytosol betweenchimera of the rings from bacteria and eukaryotes in primitive organisms. The
MD rings are the most universal structures of the various rings involved in
organelle divisions. Basic dynamic rings (MD/PD, MD/PDFtsZ and MD/
PDdynamin rings) and their genes for organelle division have been retained in
Rhodophyta but some of them were lost or simplified in other organisms
throughout evolution. The data were obtained from references [4–6,11–
13,16,20–23,25–33,35–42,44–66]. Euglenozoa information was obtained
personally by Dr. T. Osafune. Blue lines in Bacteria and Archaea show the
FtsZ ring. MD ring, mitochondrion dividing ring; MDFtsZ ring, mitochondrial
division FtsZ ring; MD dynamin ring, mitochondrion division dynamin; PD
ring, plastid division ring; PDFtsZ ring, plastid division FtsZ ring; PDdynamin
ring, plastid division dynamin ring. In the future, it may be found that these rings
are present in various organisms where they are currently absent from the chart.
Dynamin or dynamin-like proteins are positioned on Nozaki's phylogenetic tree
[29] (B). Since the dynamin family, as well as the MD rings, exist in most
eukaryotes, they must have basic functions in eukaryotes which are involved in
scission of the membrane, including budding of vesicles for endocytosis and
division of organelles. DymA was found in Amoebozoa and diverse functions
including scission of membranes for endocytosis, membrane-trafficking process
and organelle morphology. Dlp, Dlp2, Drp1, Dlp, Dnm, ADL1, and Dnm1 are
involved in mitochondrial division and most universal members of the dynamin
family in all eukaryotes. Dnm2 and ARC5 exist only in plants and are essential
genes for plastid division. Mitofusion and Fzo which are related to
mitochondrial fusion are present in Fungi and Metazoa. The classical dynamins
(Dynamin1–3, Shibire/Dlp1, Dynamin/Dyn1) for vesicle scission only exist in
Metazoa. Based on the distribution of the dynamin family, it is probable that
DymA-like dynamin was the origin of the dynamin family and plays a role in
endocytosis in most eukaryotes. The DymA-like dynamin then branched into
dynamins for mitochondrial division with the acquisition of mitochondria. The
DymA-like genes will be lost in organisms which do not use endocytosis. Some
dynamin members are limited to specific taxonomic groups. Dynamin for
mitochondrial division branched into dynamin for mitochondrial fusion before
division of the Fungi and Metazoa. In plants, mitochondrial dynamin branched
into dynamin for plastid division with the acquisition of plastids. Classical
dynamins (Dynamin1–3, Shibire/Dlp1 and Dynamin/Dyn1) for vesicle
formation for endocytosis or phagosomes is likely to be derived from DymA-
like dynamin or Dnmp1-like dynamin. PD dynamin, plastid dividing dynamin;
MD dynamin, mitochondrial division dynamin; Mt Fusion Dynamin, dynamin
for mitochondrial fusion; Vesicle dynamin, dynamin at the vesicles for
endocytosis; Phagosome dynamin, dynamin located at phagosomes.
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tions, the large MD rings became the principal candidate for the
motive apparatus of mitochondriokinesis. It is likely that
contraction of the large MD ring as well as the large PD ring
occurs by a sliding of the microfilaments, similar to the actin–
myosin or microtubules–kinesin/dynein systems [11]. Recently,
a similar large MD ring and U-shaped ring have been observed
in the algae Nannochloropsis oculata (Eustigmatophyceae,
Heterokonta) [26] and C. caldarium [11], respectively. The
identification of large MD rings in Eustigmatophyceae, which is
a secondary endosymbiotic organism, is very significant,
suggesting that large MD rings probably evolved at least before
the separation of Rhodophyta and Heterokontophyta (Fig. 4). In
HeLa [27] and yeast cells [28], it was reported that in
mitochondria connected by a narrow neck, presumably
undergoing fission, small electron-dense structures were
apparent at the point of constriction. The structures are assumed
to be some type of small MD ring. The circumference of the
large MD ring in C. merolae is about 2 μm while the small MD
rings in Amoebozoa, green plants, Fungi and Metazoa are about
300 nm. It is not clear whether the small MD ring is formed only
at the late phase of mitochondrial division. Analogy to the large
MD ring suggests that the small MD ring cannot be visualized
for little components at early phase. The line showing the
existence of the MD ring is illustrated on a phylogenetic tree
constructed from multiple nuclear genes [29] (Fig. 4). It is
understandable that the electron-dense MD ring would be a
universal structure in all eukaryotic cells although their sizes
vary.
3. The mitochondrial division FtsZ gene and its ring are
descended from ancestral bacteria
During the past 5 years, several studies have identified the
genes responsible for two ring structures at the division sites of
mitochondria. FtsZ rings, which are descended from a bacterial
ancestor, have been found in mitochondria, while dynamin
rings, which are derived from the eukaryotic host cell, have also
been identified in mitochondria. Consistent with the bacterial
origin of mitochondria, it was thought possible that mitochon-
dria would divide via the use of an FtsZ protein ring.
Mutagenesis and gene targeting will be useful in analyzing
the function of various genes in organelle divisions. ftsZ,
dynamin and unknown gene mutants show defects in organelle
division and, as a result, organelles form filaments or globules.
However, it is noted that mutants which do not relate directly to
formation and function of the MD ring or PD apparatus show
defects in mitochondrial division and, as a result, form irregular-
shaped lumps.
The discovery of the plastid ftsZ gene [30,31] further focused
attention on the search for the ftsZ gene that may be involved in
the MD ring. However, no sequences that resemble bacterial
ftsZ were found in the genomes of Saccharomyces cerevisiae of
Fungi and Caenorhabditis elegans of Metazoa, or in the newly
sequenced genomes of other nonphotosynthetic eukaryotes
[32]. The organelle and nuclear genomes of Arabidopsis
thaliana also lack sequences for the ftsZ genes of mitochondria.On the other hand, α-proteobacteria-type ftsZ genes were
isolated from Dictyostelium discoideum of Amoebozoa [33], C.
merolae [34,35], Cyanophora paradoxa of Glaucophyta [36],
and Mallomonas splendens of Heterokontophyta [37] but the
rings composed from their ftsZ genes were not reported except
C. merolae. The mitochondrion division (MD) FtsZ genes and
MDFtsZ rings were positioned on the phylogenetic tree (Fig. 4).
These results mean that MDFtsZ genes have been lost from
mitochondria without being transferred to the host nuclear
genomes in Apicomplexa, Kinetoplastida, green plants, Fungi
and Metazoa and as a result of evolutionary changes have a
diminished ability to make the MDFtsZ rings.
In C. merolae cells, the MDFtsZ rings were observed from
the early phase of mitochondrial division to the late phase using
immuno-fluorescence microscopy. The width of the MDFtsZ
ring did not change throughout the division process and the total
fluorescent brightness of the MDFtsZ ring diminished with
contraction at the division site, suggesting that the MDFtsZ
rings are disassembled monomers at the division site. During a
process of mitochondrial division in C. merolae, the formation
of the MDFtsZ ring is the first event on the matrix face of the
inner envelope of a mitochondrion at the division site just before
contraction, and may initiate the recruitment of inner MD ring
proteins followed by outer MD ring proteins [6,23,38].
Therefore, among the several proteins involved in bacterial
division, MDFtsZ proteins are thought to play a central role for
positioning the large MD ring in the early stage of mitochon-
drial division. But at the final stage of mitochondrial division,
the MDFtsZ ring as well as inner MD ring is completely
disassembled while the large MD ring pinches off the bridge
between the daughter mitochondria (Figs. 3 and 4). These
findings have provided us with a new piece of evidence for the
evolutionary events presented by organelle division. The
genome of the host cell controls the division of mitochondria
as progenies of bacteria at the final stage. Since electron-dense
structures similar to the electron-dense PD and MD rings have
never been observed in bacterial division sites, the host
eukaryotic cell probably devised these rings to control
mitochondrial division as a new regulatory apparatus after
endosymbiosis, although this conclusion requires the compo-
nents or genes to be identified.
Events similar to those found for bacterial FtsZ proteins also
occur with mitochondrial and plastid FtsZ proteins. Certainly,
electron microscopy showed that FtsZ proteins form linear
microfilaments and micro rings in vitro. On the basis of these
results and fluorescence microscopy data, some biologists
guessed that FtsZ proteins made a large electron-dense PD ring.
However, in vivo, PDFtsZ proteins as well as MDFtsZ proteins
have never formed electron-dense rings which can be seen
under electron microscope [35,37,38].
4. Association of the MD ring with a ring composed of the
eukaryote-specific GTPase dynamin
In addition to FtsZ proteins, a GTPase dynamin protein is
also involved in mitochondrial division. The protein, called
Dynamin, was originally identified in a microtubule-rich
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the surface of microtubules helically, like a screw bolt, in highly
purified dynamin [41]. Dynamin was subsequently linked to
endocytosis following the discovery that the paralyzed
Drosophila mutant shibire had a mutation in the dynamin
gene that caused depletion of the pool of releasable synaptic
vesicles due to a blockage of the recycling pathway via clathrin-
mediated endocytosis [42]. Dynamin is thought to assemble into
the ring at the neck of clathrin-coated pits, where it appears to
play a role in pinching off vesicles from the plasma membrane
[43,44]. However, there is no direct in vivo evidence of
dynamin signals appearing on the smaller electron-dense collar
of about 40 nm in diameter at the neck of coated pits using
immunoelectron microscopy. To date, several proteins have
been included in the dynamin family owing to their structural
similarity [45].
The involvement of dynamins in mitochondrial division was
suggested in 1998 [46,47]. Among the Saccharomyces muta-
tions that cause defects in the distribution and morphology of
mitochondria (mdm mutants), which were first described in theFig. 5. Structure, function and evolution of the mitochondrion division apparatus. T
apparatuses (B, C), MD (d), PD (E) and mitochondrial fusion (mito-fusion) apparatu
dynamin for cell plate formation (C) evolved from the original VD apparatus cont
apparatus branched into MD apparatuses including the dynamic trio of the MDFtsZ,
new function as a mitochondrial fusion apparatus. In Bikonta, the MD apparatuses bra
PD apparatus including the dynamic trio of the PDFtsZ, PD and PDdynamin rings. T
and function of MD, PD and VD apparatuses. MDFtsZ proteins form a ring in the ma
nuclear division. Then the MD rings form and contract the division site. MDdynami
surface of the MD apparatus during the middle phase of plastid division and then m
mitochondrial division could be explained by two scenarios, either acting as a mediato
bridge between dividing organelles. A similar, but larger scale, division system is us
used in the vesicle scission apparatus for endocytosis and cell plate formation. VD
apparatus; PD apparatus, plastid division apparatus; Mito-fusion apparatus, mitochoearly 1990s [48,49],mdm29was mapped toDNM1, one of three
dynamin-related genes in yeast [46]. Expression of dominant-
negative forms of Drp1 (the human ortholog of Dnm1p)
resulted in aggregation of the mitochondria [45]. Analogous to
the function of conventional dynamin at the plasma membrane,
DRP-1 (C. elegans ortholog of Dnm1p) [50] and Dnm1p
[51,52] are found on the cytosolic side at mitochondrial division
sites. Since in green plants and Metazoa, FtsZ and dynamin are
both self-assembling GTPases, MDFtsZ genes were lost and
dynamin genes are present, it was suggested that dynamin had
replaced the function of FtsZ in mitochondrial division during
evolution [53–55]. However, the idea was discredited. C.
merolae cells contained both MDFtsZ and mitochondrion
division (MD) dynamin genes. MDFtsZ and MDdynamin
rings have opposite positions with respect to the organelle
membranes; namely the MDdynamin ring is located on the
outside and the MDFtsZ ring is located on the inside of the
mitochondrial membrane at the division site [37]. MDdynamin-
like genes were globally reported in Amoebozoa [32],
Rhodophyta [37], Apicomplexa [56], Kinetoplastida [57],he VD apparatus containing DymA-like dynamin (A) is the origin of the VD
ses (F). The VD apparatus containing classical dynamin for endocytosis (B) and
aining DymA-like dynamin (Evolution1). On the other hand, the original VD
MD and MDdynamin rings (Evolution2). The MD apparatuses also obtained a
nched into the large PD apparatuses. Plastid divisions are controlled by the large
he mitochondrial division cycle is illustrated as a representative of the structures
trix inside the membrane at the division site just before the end of mitochondrial
n in dynamin patches which move from cytoplasm to MD apparatus stays at the
oves to the membrane inside the MD apparatus. The functions of dynamin in
r of microtubule or filament sliding and as a pinchase to pinch off the membrane
ed in plastid division. In contrast, a similar, but smaller scale, division system is
apparatus, vesicle division apparatus; MD apparatus, mitochondrion division
ndrial fusion apparatus.
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been demonstrated to be involved in mitochondrial division
(Fig. 4). These results suggest that the acquisition of
MDdynamin genes for mitochondrial division occurred in an
ancestor that became common among eukaryotes. However, the
MDdynamin ring, as well as the MDFtsZ ring, was only
observed in C. merolae using immuno-fluorescent microscopy
and immunoelectron microscopy [37]. The MDdynamin rings
were observed from the middle phase of mitochondrial division
to the late phase. The width of the dynamin ring increased
slightly during the division, and the total fluorescent brightness
of the MDdynamin ring diminished slightly in conjunction with
contraction of the division site, suggesting that part of the
MDdynamin ring is disassembled into monomers at the division
site. Mitochondrial division in C. merolae uses an MDdynamin
(CmDnm1) ring in addition to MDFtsZ and MD rings. The
MDdynamin ring associates with the MD ring from the middle
phase of mitochondrial division to the later phase as if it plays a
role in contraction as a partner of the MD ring. In the final stage
of mitochondrial division, the large MD ring forms the bridge
between daughter mitochondria. Immunoelectron microscopy
showed that the immunogold particles bound to dynamin were
concentrated at the center of a bridge and they were located on
the outer membrane in cross sections. Probably, the MDdyna-
min ring will cut the membrane at the center (Figs. 3 and 5) [37].
It should be noted that even when large MDdynamin rings can
be seen by both immuno-fluorescent and immunoelectron
microscopy, they have never been observed directly as electron-
dense rings in thin sections by electron microscopy.
5. Dynamics of the formation and disassembly of the FtsZ
ring, MD ring and dynamin ring
Contrary to the hypothesis suggested by investigations of
higher plants and animals that MDdynamin replaced MDFtsZ
proteins during evolution, mitochondrial division in C. merolae
exhibits crucial differences with respect to the timing of the
formation and disassembly of the MDFtsZ and MDdynamin
rings as described above. As the behaviors of the MD ring,
MDFtsZ ring, MDdynamin, PD ring, PDFtsZ ring, and
PDdynamin can be examined only in C. merolae (Fig. 4), the
dynamics of the formation and disassembly of these rings have
been summarized (Fig. 5).
Just before mitochondrial nuclear division finishes, the
MDFtsZ ring is formed on the inside of the membrane at the
division site [34,35]. The MD ring is formed after the MDFtsZ
ring, before constriction at the division site, in the same manner
as the formation of the PD and PDFtsZ rings, whereas the
MDdynamin ring is formed from dynamin patches at a later
stage of mitochondriokinesis [37]. Specifically, about 10
dynamin patches of 100 nm in diameter are located in the
cytoplasm at the early stage of mitochondriokinesis and when
the mitochondria become dumbbell-shaped, the patches move
from the cytoplasm to the bridge between the daughter
mitochondria (Figs. 3 and 4). The MDFtsZ ring is split,
distributed into the two daughter mitochondria and disas-
sembled during the final stage of constriction, althoughremnants of the MD and MDdynamin rings persist for a short
time after division has been completed [37]. Dynamins enter the
inside of the outer MD ring, connect with the membrane and
pinch off the center of the MD ring between the daughter
mitochondria. It has also been suggested that the electron dense
small ring or structure is formed by dynamin proteins only
during the later stages of division in C. elegans [50] and this was
recently demonstrated in S. cerevisiae [59]. These results
suggest that the role of dynamin in mitochondriokinesis is
probably restricted to the final phase of division and that the
function of MDdynamin is not redundant with respect to
MDFtsZ. Mutations in yeast Dnm1 and C. elegansDRP-1 block
mitochondrial division. Immunoelectron microscopy shows that
yeast Dnm1 colocalized with constrictions in mitochondria
[59]. However, it is still to be directly proven by immunoelec-
tron microscopy that immuno-gold particles appeared on the
small electron-dense ring or structures between daughter
mitochondria.
The following represents an appropriate example to
demonstrate the function of MDdynamin in mitochondriokin-
esis. Inhibition of nuclear DNA synthesis by 5-fluorodeoxyur-
idine or camptothecin results in cytokinesis arrest with an
increase in the number of plastids per cell in C. merolae. In
addition, the cells contain an elongated but undivided giant
mitochondrion with a constriction [58]. A giant MD ring is
formed at the constriction but the dynamin patches are
distributed in the cytosol. These results show that dynamin is
essential for pinching off the daughter mitochondria.
During mitochondriokinesis in C. merolae, the MDFtsZ, MD
and MDdynamin rings are ordered as in plastid division
(plastidkinesis) (Figs. 4 and 5)[37]. These facts suggest that
mitochondria divided by almost the same mechanisms as
plastids soon after they were established in lower eukaryotes
[38,62,63]. Mitochondria were established before plastids
suggesting that the host cell used the same strategy to regulate
the division of the cyanobacterial endosymbionts as it did for
the α-bacterial endosymbionts. Based on the similarity between
the large PD and MD apparatuses [38,62,63], it is suggested that
dynamins do not function by themselves in constriction at the
division sites and require one or more partners such as the
electron-dense MD ring or the electron-dense PD ring.
6. Evolution from the mitochondrial division apparatus to
the plastid division apparatus and the vesicle division
apparatus for endocytosis and cell plate formation
Mitochondrial division is controlled by the MD apparatus
including the dynamic trio of the MDFtsZ, MD and
MDdynamin rings. Since dynamin is the most universal protein
among the dynamic trio, it is useful for describing the
relationship among the MD, PD and VD apparatuses for
endocytosis and cell plate formation (Figs. 4 and 5). Currently,
it is well known that dynamins and dynamin-related proteins act
as mechanochemical enzymes in a wide range of functions, such
as the scission of vesicles and organelles, including endocytosis,
vesicular transport, clathrin-coated vesicles, caveolae, phago-
somes, mitochondria and plastids [40].
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detail, one interesting proposal is that endosymbiotic bacteria
used the dynamin of the host cell during their entry through
the plasma membrane in a manner analogous to endocytosis,
and then again used the host dynamin for mitochondrial
division [60]. This proposal assumes that classical (vesicle)
dynamin appeared earlier than that for mitochondrial division.
However, the classical dynamins (Dynamin1–3, Shibire/Dlp1,
Dynamin/Dyn1) for vesicle scission only existed in the
Metazoa [40] (Fig. 4). It should be noted that the dynamin-
like protein DymA was found in D. discoideum of
Amoebozoa which actively performs endocytosis and has
diverse functions including scission of membranes for
endocytosis, membrane-trafficking process and organelle
morphology [61]. The dynamin-like proteins (Dlp, Dlp2,
Drp1, Dlp, Dnm, ADL1, and Dnm1) are involved in the
mitochondrial division and the most universal members of the
dynamin family in all eukaryotes. Dnm2 and ARC5 existed
only in plants and are essential genes for plastid division.
Mitofusion and Fzo which are related to mitochondrial fusion
exist in Fungi and Metazoa. Based on the distribution of the
dynamin family [40,63], it is therefore likely that the DymA-
like dynamin was the origin of the dynamin family, and was
first used in endocytosis for incorporation of α−proteobacteria
and cyanobacteria and evolved to play a role in endocytosis
in most of eukaryotes. The DymA-like dynamin also evolved
into dynamins for mitochondrial division upon the acquisition
of mitochondria by endosymbiosis before the separation of
Amoebozoa, Opisthokonta and Plantae. In Fungi and
Metazoa, since the MDFtsZ rings were lost or simplified
from the organelle division apparatus, the MD and MDdy-
namin rings have a more important role in mitochondrial
division. Some dynamin members are limited to specific
taxonomic groups. MDdynamin also branched into a
Mitofusin-like dynamin for mitochondrial fusion before the
division of Fungi and Metazoa (Figs. 4 and 5). These results
do not conflict with the observation that mitochondrial fusion
frequently occurs in fungi [6,13] as well as between animal
mitochondria. In these cases, it is likely that the dynamin has
gained a novel function in mitochondrial fusion contrary to
the pinchase action. In plants, MDdynamin branched into
Dmn1 and ARC5-like PDdynamin with the acquisition of
plastids by endosymbiosis. Classical dynamins (Dynamin1–3,
Shibire/Dlp1 and Dynamin/Dyn1) for vesicle formation in
endocytosis or phagosomes are likely to be derived directly
from DymA-like dynamin, or indirectly through dynamin-like
proteins (Dlp and Dnm) (Fig. 5). These results strongly show
that since the MD apparatus, including the MD and
MDdynamin rings, and the PD apparatus, including the PD
and PDdynamin rings, may be generated from the VD
apparatus including the electron dense structure and dyna-
mins, as they retain similar structures. In C. merolae, the large
MD apparatus and the large PD apparatus are about 2 μm and
5 μm in circumference, respectively, while the small MD
apparatuses in other organisms are about 250 nm in
circumference. The VD apparatuses are about 100 nm in
circumference and the value is close to the circumference ofsmall MD apparatuses. Therefore, it is possible that vesicle
scission and mitochondrial division should be considered
similar phenomenon based on membrane fission.
There are several in vitro experiments for demonstrating the
presence of a small ring or helix for the scission of vesicles by
dynamin molecules alone, without other proteins as partners
[40]. These results can be applied to in vivo cells as follows: the
in vitro electron-dense ultra-small rings which were assembled
by dynamin molecules laid over electron-dense rings in thin
sections of the cells in vivo. However, it should be re-analyzed
whether or not the dynamins form an electron-dense ring at the
neck of vesicles in vivo.
Let us consider the relationships among bacterial FtsZ, MD,
MDFtsZ, MDdynamin, PD, PDFtsZ and PDdynamin rings in
vivo (Fig. 4). Most bacteria contain FtsZ genes and proliferate
using FtsZ (Z) rings. In vitro, GTPase FtsZ proteins make linear
filaments or rings. Immuno- and GFP-fluorescent microscopy
shows that FtsZ rings are formed at the division sites of dividing
bacteria in vivo but have never been observed as electron-dense
rings or structures [3,5]. Similar events occur with MDFtsZ and
PDFtsZ proteins and their rings. Certainly, FtsZ proteins form
linear filaments or rings in vitro. Thus, on the basis of
fluorescence data, it has been considered that FtsZ rings
correspond to MD/PD rings. However, in vivo, FtsZ proteins
have never been seen to form the electron-dense ring or
structures which can be visualized by electron microscopy
[37,62–64].
Based on comparison to FtsZ proteins and our recent work,
we believe that events similar to those seen with FtsZ occur with
the GTPase, dynamin. Namely, dynamin proteins form a linear
filament or rings in vitro [40] but the dynamin rings have never
been seen as electron-dense rings in cells of various organisms
including C. merolae using electron microscopy [38]. Espe-
cially considering that the circumferences of the dynamin rings
in the MD and PD apparatuses in C. merolae are more than 50
times larger than those of dynamin rings in VD apparatuses.
Therefore, we question very much whether the electron-dense
rings for endocytosis in cells are composed of dynamin as
follows:
(1) When we cannot identify large dynamin rings in MD/PD
apparatuses as electron-dense rings between daughter
organelles, why are VDdynamin rings recognized as
electron dense structures?
(2) There are several immunoelectron microscopic experi-
ments to show that small electron-dense rings at the neck
of vesicles are dynamin. However, there is no direct
evidence demonstrating the distribution of immuno-gold
particles bound to anti-dynamin antibody on the electron-
dense rings in cells [40].
(3) The dynamin rings in the MD/PD apparatuses, like actin–
myosin or microtubule–kinesin/ dynein systems required
one or more partners such as MD or PD rings for function.
It is questionable whether the dynamin rings for
endocytosis function only alone.
(4) There is a characteristic common between dynamin of
MD/PD apparatuses and dynamin of VD apparatuses.
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mitochondria [38] are retained by only one of the two
daughter organelles after division. This asymmetric
distribution seems to be consistent with that of the VD
apparatus for endocytosis.
In conclusion, it is thought that the VD apparatus for
endocytosis and other vesicle formation is composed of at least
two components: the electron transparent dynamin ring and the
electron dense ring which consists of an unknown partner
protein such as MD and PD rings.
The structure, function and evolution of MD, PD and VD
apparatuses are summarized in Fig. 5. It is likely that the VD
apparatus containing DymA-like dynamin is the origin of the
MD, PD and VD apparatuses. The VD apparatus containing
classical dynamin for endocytosis and dynamin for cell plate
formation evolved from the original VD apparatus containing
DymA-like dynamin. On the other hand, the original VD
apparatus branched into MD apparatuses including the dynamic
trio of the MDFtsZ, MD and MDdynamin rings, which are used
for mitochondrial division in most eukaryotes. In Fungi and
Metazoa, the MD apparatuses also obtained a new function as a
mitochondrial fusion apparatus. It is possible that instead of the
MD apparatus branching off from the VD apparatus that the MD
apparatus branched into the VD apparatus containing classical
dynamin. In Bikonta, the MD apparatuses branched into the
large PD apparatuses upon acquisition of plastids by endosym-
biosis. Plastid divisions are controlled by the large PD apparatus
including the dynamic trio of the PDFtsZ, PD and PDdynamin
rings, which are retained in the higher plants (Figs. 4 and 5)
[63,64]. Based on recent data on MD and analogy to PD
apparatuses in C. merolae [62], the behaviors of MD
apparatuses during the division cycle are illustrated as a
representative of the structures and function of MD, PD and
VD apparatuses. MDFtsZ proteins form a ring in the matrix
inside the membrane at the division site just before the ending of
mitochondrial nuclear division. Then, the outer and inner MD
rings are formed and contract at the division site. MDdynamin
which moves from the cytoplasm to the MD apparatus stays at
the surface of the MD apparatus during the middle phase of
plastid division and then moves to the membrane inside the MD
apparatus. In mitochondrial division, MDdynamin is thought to
be the mediator of the MD ring filaments according to the
analogy with the plastid division model. The functions of
dynamin in mitochondrial division could be explained by two
scenarios which involve the functions of a mediator of
microtubule or filament sliding and a pinchase to pinch off
the membrane bridge between the dividing organelles [38,58].
When MDdynamins are associated with the membranes at the
final stage of mitochondrial division and interact with lipid
membranes, the dynamins play roles as pinchases to pinch off
the membrane of the bridge between the daughter mitochondria.
By analogy with the MD and PD apparatuses, it is assumed that
the process of synaptic vesicle formation by the VD apparatus is
comprised of at least three steps, namely formation of a vesicle
bud, initiation of constriction at the neck of the vesicle and
pinching off at the neck. The VD apparatus for endocytosis isassumed to involve all the processes of membrane constriction,
although it can only be visualized at the final stage of scission.
7. Perspective
There are still many questions that should be addressed.
However, we have experienced rapid progress during the past 5
years. The cells of C. merolae offer many advantages for study of
organelle division because they do not have a rigid cell wall and
contain just one nucleus, one mitochondrion with a big MD ring
and one plastid with a big PD ring, the division of which can be
synchronized. In addition, C. merolae is a hot spring alga in which
all of the three genome compartments, namely the nucleus
(16,520,305 bp), mitochondrion (32,211 bp) and plastid
(149,987 bp), have been completely sequenced [21]. Finally, it
contains a minimum set of genes organized in a fairly
straightforward way, with only a few introns for instance. Now
we should consider that the MD, PD and VD apparatuses control
organelle and vesicle division using similar mechanisms and a key
to understanding the mechanisms is the intact isolation of their
dividing apparatus and the proteomics of isolated dividing
apparatuses. In C. merolae, the large MD apparatus and the large
PD apparatus are about 2 μm and 5 μm in circumference,
respectively, while the small MD apparatus in other organisms are
about 250 nm in circumference. The VD apparatuses are about
100 nm in circumference. The isolation of the largest PD apparatus
is advantageous for understanding all organelle division systems.
Ongoing studies are identifying novel genes that are contained in
the organelle and vesicle division apparatuses by isolating the PD
apparatus and analyzing them by electrophoresis and TOF-MS
(Time-of-Flight Mass Spectrometry). We are also making efforts to
isolate intact PD apparatuses.
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